The two most recently published potential energy surfaces (PESs) for the HeH 2 complex, the so-called MR (Muchnick and Russek) and BMP (Boothroyd, Martin, and Peterson) surfaces, are quantitatively evaluated and compared through the investigation of atom-diatom collision processes. The BMP surface is expected to be an improvement, approaching chemical accuracy, over all conformations of the PES compared to that of the MR surface. We found significant differences in inelastic rovibrational cross sections computed on the two surfaces for processes dominated by large changes in target rotational angular momentum. In particular, the H 2 (ν = 1, j = 0) total quenching cross section computed using the BMP potential was found to be a factor of 1000 larger than that obtained with the MR surface. A lesser discrepancy persists over a large range of energies from the ultracold to thermal and occurs for other low-lying initial rovibrational levels. The MR surface was used in previous calculations of the H 2 (ν = 1, j = 0) quenching rate coefficient and gave results in close agreement with the experimental data of Audibert et al. which were obtained for temperatures between 50 and 300 K. Examination of the rovibronic coupling matrix elements, that are obtained following a Legendre expansion of the PES, suggests that the magnitude of the anisotropy of the BMP potential is too large in the interaction region. However, cross sections for elastic and pure rotational processes obtained from the two PESs differ typically by less than a factor of two. The small differences may be ascribed to the long-range and anharmonic components of the PESs. Exceptions occur for (ν = 10, j = 0) and (ν = 11, j = 1) where significant enhancements have been found for the low-energy quenching and elastic cross sections due to zero-energy resonances in the BMP PES which are not present in the MR potential.
I. INTRODUCTION
The study of the He-H 2 interaction has a long history and can be traced back to at least the construction of a simple analytic potential energy surface (PES) by Roberts 1 in 1963.
Since the beginning of the 70s, scattering between atomic He and the H 2 molecule has been investigated experimentally 2-4 . The laser Raman scattering technique pioneered by Audibert et al. 3 has given accurate and detailed results. These experiments, which covered the subthermal regime, were accurate enough to reproduce the small structures in the measured rate constants (see Ref. 9 ) and have prompted considerable theoretical interest [5] [6] [7] [8] [9] . Calculations have been performed using ab initio and approximate quantal formalisms, classical and semiclassical methods, and various intermolecular potentials.
Collisions involving hydrogen molecules and helium atoms are of great interest for three main reasons. First, this collision system is a prototype for chemical dynamics studies and can be used as a testing ground for the scattering theory of non-reactive atom-diatom collisions involving a weak interaction potential. Second, rotational and vibrational transitions in H 2 induced by collisions with He are of practical importance in models of astrophysical environments where the physical conditions may not be accessible to terrestrial experiments.
Examples include low densities characteristic of giant molecular clouds in the interstellar medium where star formation occurs. Heating of the interstellar cloud by strong shock waves induces rotational and vibrational excitation of the H 2 molecules leading to collisioninduced dissociation to two free H atoms. Third, with recent experimental advances in the trapping of molecules [10] [11] [12] [13] , collisional studies of the HeH 2 system have given new insight into the behavior of atom-diatom collisions at ultracold temperatures including investigations of Feshbach resonances, predissociation in van der Waals complexes, determination of complex scattering lengths, testing of effective range theory and Wigner threshold laws, and quasiresonant vibration-rotation energy transfer [14] [15] [16] [17] [18] .
Due to the continual advancement of computer technology and computational methodologies, theoretical studies 19, 20 of inelastic collisions between He and H 2 have been performed with increasingly larger basis sets and have yielded a deeper understanding of the collision mechanism as well as providing benchmark data for astrophysics and chemistry. The accuracy of quantum scattering calculations is dictated by the flexibility and reliability of the interaction potential energy surface of the projectile atom and target diatom. Espe-cially in the case of atom-diatom collisions in the ultracold regime, where the interaction time between the projectile atom and molecular target is considerably longer than the rotational/vibrational period of the molecule, the incoming atom is a sensitive probe of the PES of the complex. Consequently, the target molecule has time to adjust to the field of the slow moving atom and the scattering cross sections are sensitive to the anisotropy of the PES. [16] [17] [18] 20 .
The most recent analytic HeH 2 PES was constructed by Boothroyd, Martin and Peterson (BMP) 25 from more than 25,000 ab initio data points. The BMP surface not only accurately represents the van der Waals potential well, but also fits the interaction region with chemical accuracy, giving an order of magnitude improvement in RMS errors compared to the MR PES. While such an improvement is critical for chemical dynamics studies, the BMP potential was also constrained by the ab initio data to accurately describe large H 2 -molecule sizes and for short He impact distances. These enhancements allow studies of highly excited H 2 and collision-induced dissociation.
In this paper we present a comparative study of the MR and BMP potential surfaces for collisions of vibrationally and rotationally excited H 2 by He impact. The scattering cross sections and their corresponding rate coefficients are calculated using the non-reactive quantum mechanical close-coupling method. In section II, we outline close-coupling theory and give a brief description of the PESs. We present our results and discussion in section III and a summary and conclusions in section IV. Atomic units are used throughout, unless otherwise noted: i.e., e = m e = a o = 1 a.u., while 1 hartree = 27.2116 eV = 627.51 kcal/mol.
II. THEORETICAL METHODS
A. The close-coupling approach
Calculations of rovibrational transition cross sections and thermally averaged rate coefficients provide stringent tests of the potential energy surfaces of the HeH 2 molecule. To compute these cross sections and rate coefficients, we use a quantum mechanical close-coupling method that has been described in detail elsewhere 26 . Here we provide a brief overview of the essential elements of the approach. The time-independent Schrödinger equation for the He+H 2 collision system in the center of mass frame is given by
with
R where m is the reduced mass of the H 2 molecule and µ is the reduced mass of the He-H 2 complex. The internuclear distance between the two H atoms is denoted by r, R is the distance between the He atom and the center of mass of H 2 , and θ is the angle between r and R. The term v H 2 (r) is the isolated H 2 potential and V I (r, R, θ) is the He-H 2 interaction energy. To solve eqn.(1), we expand the total wave function Ψ JM ( R, r) in the form
where the channel function [n ≡ (νjl; JM )] is given by
The vibrational and rotational quantum numbers are respectively denoted by ν and j, and l is the orbital angular momentum of He with respect to H 2 , J is the total angular momentum quantum number (i.e., J = l + j), M is the projection of J onto the space-fixed z-axis, and 
by expanding χ νj (r) in terms of a Hermite polynomial basis with the H 2 potential v H 2 (r), taken from Schwenke 24 . Substituting eqns. (2)- (4) into eqn.
(1), we arrive at a system of close-coupling equations
where E i = E νj is the initial kinetic energy and l i is the orbital angular momentum in the i-th channel. To solve the coupled radial equations (5), we used the hybrid modified logderivative-Airy propagator 27 in the general purpose scattering code MOLSCAT 28 . The logderivative matrix 27 is propagated to large intermolecular separations where the numerical results are matched to the known asymptotic solutions to extract the physical scattering matrix. This procedure is carried out for each partial wave until a converged cross section is reached. We have checked that the results are converged with respect to the number of partial waves as well as the matching radius for all channels included in the calculations.
We also adopt here the total angular momentum representation introduced by Arthurs and Dalgarno 29 in which the cross section for transitions from an initial νj vibrationalrotational level to the final ν j level is given by
The total energy E is related to the kinetic energy of the incoming particle according to
The rate coefficient for a given transition is obtained by averaging the appropriate cross section over a Boltzmann distribution of velocities of the projectile atom at a specific temperature T :
where the constant G = 8 µπβ
The total quenching rate coefficient can be calculated from
B. Potential energy surfaces of HeH 2
Being one of the simplest triatomic molecular systems, the HeH 2 PES has been extensively studied theoretically over the last four decades. PES was fitted to the ab initio data, yielding an improvement by more than an order-ofmagnitude in the fit in the interaction region, compared to the MR HeH 2 PES. Unlike the MR PES, ab initio points were used to constrain the fit for large H-H separations.
Both the BMP and MR PESs are expressed as a function of distances between the three atoms in the system. For the purpose of the collision calculations, however, it is more convenient to expand the interaction potential in terms of Legendre polynomials P λ of order of λ as in the MOLSCAT computer program:
The reduced potential coupling matrix elements required for the scattering calculations are obtained from
Neither BMP nor MR express their PES functions in the form of eqn. (9) , but in terms of multi-body expansions with physically-motivated functional forms.
III. RESULTS AND DISCUSSION
We have carried out close-coupling calculations for collisions of 4 He with H 2 using the BMP and MR PESs. The total quenching rate coefficient for H 2 (v = 1, j = 0) is shown in the newly computed ab initio data or the adopted fit functions. To identify the origins of this discrepancy in the BMP surface, we have examined the constituent channels of the quenching rate coefficients. Fig. 2 displays the inelastic rovibrational state-to-state, non-thermal rate coefficients as a function of collision energy. The non-thermal rate coefficient is defined here as cross section σ 1,0→0,j × collision velocity v in the center of mass frame. The rate coefficients computed using the BMP PES (see Fig. 2a ) are seen to increase monotonically with j over the entire energy range. This behavior is in sharp contrast to the state-to-state rate coefficients computed with the MR surface shown in Fig. 2b which display no obvious ordering with j .
The discrepancy between the total quenching rate coefficients shown in Fig. 1 is evidently due to the j =8 channel with the BMP surface the rate coefficient of which is more than three orders of magnitude larger than any of the state-to-state MR rate coefficients given in Fig. 2b . An appreciable contribution also comes from the j =6 channel with the BMP result being a factor of 10 larger than that obtained with the MR PES.
By calculating the λ-dependent potential couplings on eqn. (9), we may gain some insight into the origin of the discrepancies. PES, we find that the two yield essentially identical results with the repulsive wall of the (ν = 1, j = 0) channel for both cases occurring at distances just less than R = 6 a.u. While there are evidently significant differences for the higher v λ (R) terms for R < 5 a.u., these differences appear inside the repulsive barrier (the v 0 (R) term), a region which will not be accessible in the low-energy collisions considered here, and therefore will have negligible impact on the cross sections.
In Figs. 3c and 3d , the off-diagonal coupling matrix elements for the dominant state-tostate transitions obtained with the BMP surface are presented. Fig. 3c reveals the striking difference between the BMP and MR off-diagonal coupling matrix element for λ = 8. Comparing λ = 0 of Fig. 3a with Fig. 3c , we see that the BMP potential provides a significant off-diagonal λ = 8 coupling for distances outside the potential barrier which are accessible during the collision. Conversely, the MR coupling is shifted to smaller R so that the magnitude of the coupling is significantly smaller in the interaction region. Therefore, the discrepancy in the (1,0)→(0,8) quenching rate coefficient, as well as the total, can be attributed to the enhancement by the BMP surface of the λ = 8 off-diagonal coupling. Fig. 3d makes a similar comparison of off-diagonal couplings for λ = 6. The BMP coupling is again larger, but the difference is not as dramatic as for the λ = 8 case, consistent with the smaller differences between the (1,0)→(0,6) transition rate coefficients shown in Fig. 2 .
The importance of including higher-order terms in the Legendre polynomial expansion of the interaction potential in accurately determining vibrational quenching rate coefficients at low temperatures has been the topic of a number of recent investigations [32] [33] [34] [35] . Krems 36 is used while no such preference is observed when the interaction potential of Schwenke et al. 37 is employed. As in the present study, the differences were attributed to enhanced off-diagonal coupling arising from the λ = 8 term of the potential surface of Bissonnette et al.
36
The dominance of the (1,0)→(0,8) transition found using the BMP PES is a consequence of two characteristics: (i) the small energy gap between the initial and final states (the energy gap is only 111 cm −1 ) and (ii) the relatively large potential coupling shown in Fig. 3c .
In previous studies using the MR potential (i) was satisfied, but not (ii) so that the importance of this channel was not seen. Using the BMP potential, we can demonstrate that both characteristics are required to obtain a large transition rate by artificially enlarging the energy gap by increasing the target molecular reduced mass. In Figs. 4 , the zero-temperature To ascertain whether the above discrepancy will manifest itself for other inelastic transitions, we also calculated the non-thermal rate coefficients for quenching of the initial (ν = 2, j = 0) state to individual rotational levels of the ν = 1 vibrational state using both the BMP and MR potential surfaces shown in Fig. 5 . The dependence on j of the transitions is identical to that seen for the (ν = 1, j = 0) quenching rate coefficients for the two potentials. Again, the major contribution comes from the j = 8 channel when the BMP potential is used.
For the higher vibrational states, we illustrate in Figs. 6a and 6b the variation of the total quenching rate coefficients with respect to the vibrational quantum number ν for j = 0 and j = 1 at zero temperature. We found that the j = 8 component is unmistakably dominant for ν < 4 when the BMP PES is used. However, when ν > 4, the j = 8 channel is closed and the total quenching rate is dominated by the j = 6 contribution. The peak observed at ν = 10 is due to a zero-energy resonance which is a consequence of a quasi-bound state of the HeH 2 complex (see below).
For j=1, shown in Fig. 6b , there is no j =8 contribution since transitions to this state are forbidden and there are no j =9 contributions because the channel is closed for all ν. The major contribution to the total quenching rate coefficients comes from the j = 7 component (λ = 6) instead. We found that the j = 7 contribution for j = 1 continues to be strong up to high energies; the zero-energy resonance is also present in the BMP PES for ν = 11, j = 1.
In Figs. 7a, 7b , 8a, and 8b we illustrate the energy-dependent elastic cross sections for ν=0, 1, 2, and 10, respectively for both the MR and BMP potentials and with j = 0. The differences seen for the first three are likely due to improvements in the long-range portion of the BMP potential compared to that of the MR surface where anisotropy effects do not play a role. The two potentials give good agreement for elastic scattering at high collision energies.
For the (ν = 10, j = 0) elastic cross section, the results based on the two PESs give reasonable agreement at high collision energies. However, as the collision energy decreases below E ∼ 0.1 cm −1 , the two curves start to deviate considerably. Both a significant enhancement of the elastic cross section with decreasing collision energy and a shift in the onset of the Wigner threshold behavior in the ultracold region can be attributed to the presence of a zero-energy resonance in the BMP PES-based calculation. This situation, where one PES-based calculation predicts a zero-energy resonance and the other does not, was seen before in the case of Ar+H 2 collisions 38 . Because there are many rovibrational levels that support a quasi-bound state of the atom-diatom complex, a small change in the PES can easily move one of the quasi-bound states to zero-energy. Therefore, the existence or absence of such a resonance is a very sensitive test of the details of the PES.
Returning to inelastic collisions, other differences that are manifested may be seen by considering the ν = 10, j = 0 state since a peak in the ν-distribution for the zero-energy quenching rate coefficient is evident in Fig. 6a . Specifically, Figs. 9a and 9b show the energy dependence of the rate coefficients for transitions from the initial (ν = 10, j = 0) level into (ν = 9, j ) for the BMP and MR potentials, respectively. Fig. 9a shows that for collision energies less than ∼0.1 cm −1 , the rate coefficients increase with decreasing energy. This is due to the presence of the zero-energy resonance. However, the non-thermal rate coefficients computed using the MR potential shown in Fig. 9b do not display this behavior -the zero-energy resonance simply does not exist for the MR potential. Therefore the ultracold quenching cross sections are very different for the MR and BMP PESs. Nevertheless, both results are in good agreement at E ∼ 100 cm −1 , which is expected for high collision energies, since the influence of the zero-energy resonance gradually decreases with energy.
This differs from the strong j = 8 contribution from the BMP PES for ν < 4 which persists even for higher energies (as demonstrated in Fig. 2 ). Note further that the jorderings of the (ν = 10, j = 0) state-to-state rate coefficients are not the same as observed for the (ν = 1, j = 0) and (ν = 2, j = 0) cases.
From these results, we find that the largest discrepancies occurred for vibrational transitions where large changes in angular momentum are allowed. Such transitions probe the anisotropy of the potential to high order. The differences noted for the elastic processes, which are determined by the spherical (λ = 0) term of the potential, are likely due to improvements made in the BMP PES.
Figs. 10a and 10b display the (0,2)→(0,0) and (1,2)→(1,0) deexcitation cross sections for pure rotational transitions. The results from both PESs are very similar. The BMP result always being 10-30% smaller. The discrepancy being ∼10% in the high energy region.
These transitions are not strongly affected by the higher-order anisotropy of the potential (i.e., λ ≥ 2), and the BMP results are likely to be improvements. This is further illustrated in Fig. 11 where the zero-temperature total quenching rate coefficients for ν = 1 are given as a function of j. For j > 1, pure rotational quenching dominates and the two PESs give results which agree to within about a factor of two. The significant drop in the j = 22 and 23 quenching rate coefficients was explored previously by Forrey 18 .
IV. SUMMARY AND CONCLUSIONS
In summary, we have carefully and critically compared the two most recently published ab initio interaction potential energy surfaces (PESs) for HeH 2 by performing elastic and inelastic scattering calculations for collisions of 4 He with H 2 . The calculations were performed using a non-reactive quantum-mechanical close-coupling method and were carried out for collision energies ranging from the ultracold (10 −6 cm −1 ) to the thermal (100 cm −1 ) regime.
Using the Muchnick and Russek 21 PES, we have reproduced the inelastic cross sections σ 10→0j (E) and the total quenching rate coefficients of Balakrishnan et al. 15 . However, the inelastic cross sections σ 10→0j (E) obtained from the Boothroyd et al. 25 PES are significantly different. The corresponding total quenching rate coefficients turn out to be a thousand times larger than those obtained with the MR surface that agree well with the measurements of Audibert et al. We also find zero-energy resonances in the BMP potential which result in significant enhancements to both the elastic and inelastic cross sections. There are, however, no experimental data which could help to determine the reality of the zero-energy resonances.
While the (ν = 10, j = 0) elastic cross sections for both PESs agree well at high energies, the results are considerably different at ultracold energies because of the manifestation of the zero-energy resonance for the BMP surface, causing a shift in the onset of the Wigner threshold behavior in this energy regime.
Finally, for pure rotational transitions, the cross sections obtained with the two PESs agree within a factor of two. This difference may actually signify improvements in the BMP surface for the less anisotropic components of the potential. In conclusion, the BMP surface will need to be reevaluated before it can be adopted in large-scale scattering calculations.
Further experiments are needed for inelastic and elastic processes to aid in resolving these issues as well as for benchmarking the scattering calculations.
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